Hepatitis B virus · Mac-2 binding protein glycosylation isomer · Hepatocellular carcinoma · Fibrosis · Nucleos(t)ide analogue · Chronic hepatitis B Abstract Background and Aims: Mac-2 binding protein glycosylation isomer (M2BPGi) is a novel biomarker correlating with liver fibrosis stages. However, little is known about how it predicts risks of hepatocellular carcinoma (HCC) in chronic hepatitis B (CHB) patients receiving longterm antiviral treatment. Materials and Methods: The study contained 2 parts. The first part was to explore whether M2BPGi could be an HCC predictor in 899 CHB patients receiving long-term entecavir therapy. The second part was to validate the findings in an independent cohort of 384 on-treatment CHB patients with more severe liver disease. Results: In the discovery cohort, there were 64 patients developing HCC within an average follow-up of 7.01 years. Our data showed that M2BPGi level was positively associated with HCC development. When stratifying the patients by an M2BPGi level of 1.73 (the third quartile), the high M2BPGi group was shown to have an increased HCC risk compared to the low M2BPGi group with hazard ratio of 5.80 (95% CI 3.50-9.60). Furthermore, we found that the M2BPGi level complements PAGE-B score, a well-validated HCC prediction model, to predict HCC development. Lastly, the cutoff was validated in the independent cohort, especially those with an intermediate PAGE-B score. Conclusions: In CHB patients receiving long-term antiviral treatment, serum M2BPGi level not only serves as an independent HCC predictor but also complements PAGE-B in stratifying HCC risks.
Introduction
Hepatitis B virus (HBV) infection is a global health problem and patients with chronic hepatitis B (CHB) are at risk of developing cirrhosis, hepatic decompensation, and hepatocellular carcinoma (HCC), resulting in over 1 million deaths per year [1] . Fortunately prolonged nucleos(t) ide analogue (NA) treatment has been shown to reduce these liver-related complications [2, 3] .
Although cirrhosis-related complications are minimized by pre-emptive antiviral therapy, the residual HCC incidence remains an important issue [4] . Since it is labor-intensive to have regular HCC surveillance in all CHB patients receiving anti-viral treatment, the unmet need is to introduce a novel biomarker to effectively stratify the on-treatment HCC risks, which may guide practicing physicians to provide individualized management [4] .
Most models predicting HCC development in CHB patients with prolonged NA treatment adopt traditional predictors including host factors, liver function, and liver fibrosis severity [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, only PAGE-B score has been well validated [7, 11, 14] . One of the reasons for the gap is the patients' cirrhosis status, which is an important variable of several prediction models, is usually determined by abdominal ultrasonography [9, 10] , or transient elastography [8, 12] . The former tool is limited by its sensitivity and accuracy due to the inter-observer variation, while the later tool is unlikely to be applied in primary care units [15] . A serum biomarker for evaluating liver fibrosis is expected to serve as an ideal tool to avoid both limitations [15] . Mac 2-binding protein glycosylation isomer (M2BPGi), which is a liver-specific glycosylation isomer of M2BP, has been shown to serve as a liver fibrosis marker in patients with different liver diseases [16] . Recent longitudinal data in chronic hepatitis C patients suggested elevated serum M2BPGi level was associated with an increased HCC risk [17] . Although previous data suggested that M2BPGi could be an HCC predictor in CHB patients receiving long-term NA treatment [18] [19] [20] [21] [22] [23] , none of the M2BPGi cutoffs has been validated yet. Furthermore, little is known about whether it complements current prediction models in predicting HCC development.
To address these critical issues, we conducted the current study, which consisted of 2 parts. In the discovery cohort study, we explored whether the serum M2BPGi level was associated with HCC development in CHB patients receiving long-term NA treatment and whether it served as a complementary HCC predictor on top of the PAGE-B prediction model, which is a well-validated model containing platelet count, age, and gender as predictive variables without taking into account liver cirrhosis status determined by ultrasonography or transient elastography [7] . In the validation cohort, we validated our finding in an independent cohort of CHB patients who were treated and followed up in different hospitals.
Patient Cohorts
In the first discovery cohort study, online supplementary Figure 1 (for all online suppl. material, see www.karger.com/doi/10.1159/000504650) shows the inclusion and exclusion criteria of patients in this retrospective cohort. A total of 1,806 hepatitis B surface antigen (HBsAg)-positive patients aged above 28 years were consecutively enrolled between 2007 and 2016. All of the patients were either from the National Taiwan University Hospital, the China Medical University Hospital, or the Taipei Tzuchi Hospital [5, 6] . All of them were treatment-naïve and decided to receive long-term entecavir treatment, either due to HBV DNA > 2,000 IU/mL, liver cirrhosis or suffering from liver decompensation caused by HBV reactivation [24, 25] . After excluding the patients without adequate serum samples, those with evidence of autoimmune hepatitis, alcoholic liver disease, or HCV coinfection, and those who received immunosuppressive drugs, 1,299 patients remained. We then excluded patients having HCC diagnosed either at baseline or within the first year of follow-up and those who were lost to follow-up within the first year. Finally, a total of 899 patients were included for subsequent analyses. During the treatment period, entecavir was shifted to tenofovir at the physician's discretion when there existed suboptimal viral suppression.
Findings from the aforementioned discovery cohort were extrapolated to an independent cohort for external validation, which consisted of 384 CHB patients enrolled from the E-Da Hospital and Kaohsiung Medical University Hospital (both in Kaohsiung, Taiwan). The details of how patients were enrolled and their baseline characteristics, the pattern of M2BPGi decline on NA monotherapy and the association with HCC incidences had been reported [18] .
All the enrolled patients in both cohorts gave written informed consent as approved by the research Ethical Committees of each hospital.
Data Collection
Patients were tested for serological markers, including HBsAg, hepatitis B e antigen (HBeAg), anti-HBe, anti-HCV, and had liver function tests at baseline. Throughout the follow-up period, serum liver function tests, HBV DNA levels, and alpha-fetoprotein levels were assayed every 3-6 months and abdominal ultrasonography was performed every 6 months for HCC surveillance. Serum samples at baseline and follow-up were stored at -20 ° C until analysis.
Diagnosis of Cirrhosis and HCC
Cirrhosis diagnosis is based on either histology, liver stiffness measurement > 13 kPa (available after 2009), or ultrasonographic findings plus clinical features of thrombocytopenia, gastroesophageal varices, or ascites [26, 27] . For the diagnosis of cirrhosis made via abdominal ultrasound, the findings had to be consistent on at least 2 occasions 6 months apart. HCC was diagnosed either by histology/cytology or by typical imaging findings (arterial enhancement and venous wash-out by contrast-enhanced computerized tomography or magnetic resonance imaging scanning) in hepatic nodules larger than 1 cm [28] .
Serological Assays
Serum HBsAg, HBeAg, anti-HBe, and anti-HCV were tested using commercial assays (Abbott Laboratories, Abbott Park, IL, USA).
Quantification of Serum HBV DNA
Serum HBV DNA was quantified using the COBAS AmpliPrep-COBAS TaqMan HBV test with the lower limit of detection of 20 IU/mL.
Measurement of Serum M2BPGi
M2BPGi level was directly measured with the HISCL M2BPGi regent (Sysmex Co., Kobe, Japan) using a fully automated immunoanalyzer, HISCL-800 (Sysmex Co., Kobe, Japan).
Statistical Analysis
HCC was defined as the endpoint. The clinical follow-up started at the time of starting antiviral treatment. The person-years were censored on the date of HCC development, death, the last date of follow-up, or May 31, 2018, whichever came first. The cumulative incidence of HCC stratified by different variables was derived using the Kaplan-Meier curve analysis and the log rank test was used to test for the statistical difference.
Mean and SD were calculated for continuous variables and percentages were used for categorical variables. Cox proportional hazards regression model was adopted to calculate the crude and multivariateadjusted hazard ratios (HR) of HCC. Statistical significance of all tests in the longitudinal cohort studies was defined as p < 0.05 by two-tailed tests. All analyses were performed using Stata statistical software (version 10.0; Stata Corp, College Station, TX, USA). Table 1 shows the baseline characteristics of the 899 patients when they started longterm entecavir treatment. Of them, 669 (74.7%) were males; 773 (86.0%) had ALT levels ≥40 U/L; 173 (19.2%) had cirrhosis diagnosed at baseline. In terms of viral factors, 354 (39.4%) had positive HBeAg; 839 (93.3%) had HBV DNA levels ≥2,000 IU/mL.
Results

Discovery Cohort Study: Baseline Characteristics and Follow-Up Results of 899 Patients with Long-Term Entecavir Treatment
A Positive Relationship between Baseline M2BPGi Level and HCC Risk
There were 6,303.16 person-years of follow-up, with a mean follow-up period of 7.01 ± 3.36 years. Throughout the follow-up period, 64 patients developed HCC with an incidence rate of 1.02 cases per 100 person-years.
We first correlated baseline serum M2BPGi levels with HCC incidence, and found that serum M2BPGi levels were positively associated with HCC incidence rates (p for trend < 0.001). To identify a useful cutoff, all the patients were divided into 4 groups according to baseline M2BPGi quartiles: group I M2BPGi < 0.48; group II 0.48≤ M2BPGi < 0.85; group III 0.85≤ M2BPGi < 1.73 and group IV M2BPGi ≥1.73. The annual incidence rates of HCC increased from 0.16% (95 CI 0.05-0.51%) in group I to 2.92% (95% CI 2.13-3.99%) in group IV. When compared to group I, there was a moderate increase in HCC risk in group III (p = 0.006), and a marked increase in group IV (p < 0.001; Fig. 1a ). After adjustment for cirrhosis status, only group IV remained as an independent risk factor.
Comparing the Predicting Performance of HBV-Related HCC among Different M2BPGi Cutoffs Reported in the Literature
To validate whether 1.73 is an optimal cutoff, we compared its prediction performance using Youden index with other M2BPGi cutoffs once reported for predicting HBV-related HCC development or recurrence either in on-treatment patients [19] [20] [21] [22] [23] , treatment-naïve patients [20, [29] [30] [31] [32] , or patients receiving surgical resection [19, 33] . Among all the 12 cutoffs, M2BPGi of 1.73 was shown to be a better cutoff due to the highest index (online suppl. Table 1 ). Considering M2BPGi of 1.79 has been proposed as the cutoff to define CHB patients with liver fibrosis of F3 or more [34] , which is close to 1.73, we decided to choose the third quartile level of 1.73 as our cutoff in this study.
HCC Risks after Dividing the Patients using M2BPGi Cutoff of 1.73
After categorizing the patients with the M2BPGi level of 1.73, the high M2BPGi group had an increased HCC risk with the HR of 5.80 (95% CI 3.50-9.60) when compared to the low M2BPGi group (Fig. 1b , Table 2 ). Among other factors, older age, male sex, lower platelet count, and presence of cirrhosis were risk factors, and cirrhosis itself was the strongest risk factor of HCC, with the HR of 11.00 (95% CI 6.50-18.59; Table 2 ). Further multivariable analysis showed that M2BPGi ≥1.73 remained as an independent risk factor with a HR of 2.12 (95% CI 1.17-3.86) in addition to increased age, male sex, platelet count, and cirrhosis at baseline ( Table 2) .
M2BPGi Kinetics and HCC Risks
To validate these findings, we then explored the temporal relationship between M2BPGi levels and HCC development during the follow-up period. The M2BPGi kinetics was explored in 162 patients with available serum samples during follow-up, including 36 HCC patients and 126 patients without HCC development. The serum M2BPGi levels were determined at 3 different time points: baseline, achieving undetectable viral load, and the end of follow-up or when HCC diagnosed. The median levels of M2BPGi in HCC and non-HCC patients are shown in Figure 1c . The M2BPGi levels of the HCC group were consistently higher than those of the non-HCC group at all 3 time points. All the continuous factors are expressed as median value (interquartile range, IQR) and all the categorical factors are expressed as n (%). § There were 245 patients (63.80%) receiving entecavir or tenofovir while other received lamivudine, adefovir or telbivudine. # p values calculated by Fisher's exact test for categorical variables and Mann-Whitney U test for continuous variables. * The PAGE-B score is calculated as age (<30 years = 0; 30-39 = 2; 40-49 = 4; 50-59 = 6; 60-69 = 8; ≥70 = 10) + sex (male = 6; female = 0) + platelet count (×1,000/mm 3 ; ≥200 = 0; 100-199 = 6; <100 = 9). † 274 patients receiving liver biopsy before initiating entecavir treatment. ALT, alanine transaminase; HBeAg, hepatitis B e antigen; HBV, hepatitis B virus; M2BPGi, Mac-2 binding protein Glycosylation isomer; COI, cut-off index.
M2BPGi ≥1.73 as an HCC Risk Factor in Patients with or without Cirrhosis, Respectively
As cirrhosis is the strongest HCC risk factor, we explored whether the cutoff of 1.73 consistently stratified the HCC risks in patients with and without cirrhosis, respectively. The patients were first divided by baseline cirrhosis status, which was mostly diagnosed by abdominal sonographic findings together with clinical data. There was difference of HCC risks between the patients without and with cirrhosis, the annual incidence rates of HCC were 0.41% (95% CI 0.27-0.62%) and 4.62% (95% CI 3.42-6.26%), respectively. After stratifying the patients by an M2BPGi level of 1.73 in both groups, high M2BPGi level, compared to the low level, was consistently associated with increased HCC risks with corresponding HRs of 4.40 (95% CI 1.90-10.20) and 2.28 (95% CI 1. 19-4.40) in non-cirrhotic and cirrhotic patients, respectively ( Fig. 2a, b , and online suppl. Table 2 ). Multivariable analysis consistently showed that high M2BPGi level served as an independent HCC risk factor in both groups (online suppl. 
Sensitivity Analysis of the Patients without Liver Cirrhosis Documented by Liver Histology Data
We performed a sensitivity analysis by restricting our study population to 274 patients who received liver biopsy before entecavir treatment to determine the robustness of our findings. There were 64, 78, 66, and 66 patients diagnosed as METAVIR fibrosis stages of F0/1, F2, F3, and F4, respectively. Among the non-cirrhotic patients diagnosed by histology (fibrosis stage <F4), M2BPGi ≥1.73, when compared to those with M2BPGi < 1.73, was associated with a higher risk of HCC with an HR of 4.79 (95% CI 1. 38-16.55 ). The positive relationship persisted even when restricting the study population to those with F2 or F3 (p = 0.037). For the patients with cirrhosis diagnosed by histology, there was no significant difference in HCC risks between patients with high and low M2BPGi levels due to the small sample size.
M2BPGi ≥1.73 as an HCC Co-Predictor for PAGE-B Score
The PAGE-B score is a well-validated HCC prediction model developed in Caucasian patients. We thus explored whether the PAGE-B score could stratify HCC risks in Asian CHB patients and whether M2BPGi could complement the PAGE-B score to predict HCC development.
We first correlated the PAGE-B score and HCC incidence, and showed a dose-response relationship between PAGE-B score and HCC risk (p for trend < 0.001). The AUROC of PAGE-B score in predicting HCC development was 0.74 (95% CI 0.68-0.80). Patients with M2BPGi ≥1.73, when compared to < 1.73, was consistently associated with an increased HCC risk after adjustment for PAGE-B score (HR: 4.06 with 95% CI 2.42-6.83). When stratifying all the patients into 3 groups by PAGE-B model: low (n = 169, HCC = 2, score < 10), intermediate (n = 485, HCC = 26, score: 10-17), and high (n = 245, HCC = 36, score > 17), the corresponding annual incidence of HCC was 0.16% (95% CI 0.04-0.64%), 0.75% (95% CI 0.51-1.10%), and 2.29% (95% CI 1.65-3.17%) respectively.
We then explored whether the M2BPGi level was useful in stratifying HCC risks in patients with intermediate and high PAGE-B scores. The patients with M2BPGi ≥1.73, compared to those with M2BPGi < 1.73, were consistently associated with increased HCC risks in the intermediate-score group and high-score group with the corresponding HRs of 4.40 (95% CI 1.89-10.20, Fig. 2c ) and 5.13 (95% CI 2.52-10.47, Fig. 2d) respectively. There was no role of M2BPGi in patients with low PAGE-B score as there were 2 events only.
External Validation of the M2BPGi Cut-Off Point in an Independent Cohort
The fitness of the M2BPGi cutoff was tested in an independent cohort. The baseline characteristics are summarized in Table 1 . In brief, the cohort was predominantly male (n = 282, 73.4%) with a median age of 46.49 years, both of which do not differ from the discovery cohort. Of note, there were patients with more severe liver fibrosis in the validation cohort as compared with the discovery cohort, which is supported by the lower platelet count 154.38 vs. 173.00 10 3 /μL, p < 0.0001), more patients with serum level of M2BPGi ≥1.73 (49.22 vs. 25.47%, p = 0.0001), and more patients with liver cirrhosis (50.78 vs. 19.24%, p = 0.0001) in the validation cohort. After a mean follow-up period of 6.73 ± 3.78 years, HCC occurred in 36 patients in the validation cohort, almost all of whom (n = 35) were diagnosed with cirrhosis at baseline.
Years of follow-up
In the entire validation cohort (Fig. 3a) , patients with a baseline M2BPGi level ≥1.73 had a higher incidence of HCC than those with a level < 1.73 (p = 0.0002). Among patients with liver cirrhosis (Fig. 3b) , the M2BPGi stratified the HCC risks with a marginal statistical significance (p = 0.05). Validation was not performed in patients without cirrhosis because there was only 1 event in the subgroup.
The performance of this M2BPGi cutoff was further examined in the validation cohort according to the PAGE-B score. In patients with an intermediate PAGE-B score between 10 and 17 points (Fig. 3c ), M2BPGi level above 1.73 predicted a significantly higher risk of HCC (p = 0.0002). In those with a PAGE-B score above 17 points (Fig. 3d) , however, the incidences of HCC were similarly high regardless of the baseline M2BPGi level (p = 0.4). The performance of M2BPGi was not examined in patients with a PAGE-B score below 10 points as no patients in this low-risk subgroup developed HCC during the follow-up. 
Discussion
Long-term NA treatment has been shown to diminish the risks of cirrhosis-related complications. However, the residual HCC risk remains [35] . It is an urgent need to predict the HCC risks in CHB patients receiving long-term NA treatment. Our data showed that M2BPGi was an independent predictor of HCC in CHB patients receiving long-term NA treatment. We successfully used an M2BPGi level of 1.73 to stratify the HCC risks either in the overall cohort or in the patients with and without cirrhosis, respectively. The role of M2BPGi was validated in non-cirrhotic patients with liver histology available. When stratifying the patients by PAGE-B score of 10 and 17, we found that M2BPGi levels could complement the PAGE-B model in predicting HCC development, especially in those with intermediate scores.
Finally, we extrapolated our findings and examined the performance of the M2BPGi cutoff in an independent cohort. In this validation cohort with more cirrhotic patients, a baseline M2BPGi level above 1.73 was consistently predictive of a higher HCC risk, particularly those with intermediate PAGE-B score. Taking all these lines of evidence together, M2BPGi is a novel biomarker to predict HCC risks in CHB patients receiving long-term NA and the cutoff of 1.73 is useful in stratifying their HCC risks.
The key to optimizing the clinical management of CHB patients receiving long-term NA treatment is to precisely define their HCC risks. The most important finding of this study is that for the first time, we showed a single M2BPGi cutoff supplements current HCC prediction models in stratifying HCC risks, which is summarized in online supplementary Table 2 . For example, in patients without liver cirrhosis of discovery cohort, 88% of them had low M2BPGi levels with an annual HCC incidence rate of 0.26% in contrast to the annual incidence of 1.1% in those with high M2BPGi levels. In patients with intermediate PAGE-B score, their annual incidence rate dropped from 1.96 to 0.43% in discovery cohort after stratifying them with M2BPGi levels of 1.73. The similar effect of risk stratification was validated in the independent validation cohort with annual incidence rates of 2.28 and 0.30% respectively. Although the HCC risks of both low M2BPGi groups were still higher than 0.2% per year, which is the recommended threshold for not initiating HCC surveillance [24] , adding this new criterion definitely lowers the HCC risks in different patient populations. In other words, a low M2BPGi level paves the way for identifying the patients with a minimal HCC risk, who may not need HCC surveillance.
It has been shown that M2BPGi level is associated with development of HBV-related HCC in different treatment cohort [19] [20] [21] [22] [23] . The M2BPGi cutoff ranged from 0.34 to 1.80. To the best of our knowledge, our study has the most patients receiving antiviral treatment and is the first one with an independent validation cohort to support our finding and cutoff. In addition, we are also the first group to show that M2BPGi level of 1.73 complements PAGE-B score in predicting HCC development, which can be applied in clinical practice immediately. To be noted, we chose the third M2BPGi quartile of 1.73 as our cutoff, which is very close to the cutoff of 1.80 proposed by the Korean group to stratify HCC risks [20] . In addition, M2BPGi level of 1.79 has been proposed as a useful cutoff to differentiate the patients with fibrosis stage of F3 or more [34] . Taking all these lines of evidence together, we believe M2BPGi level of 1.73 is a useful biomarker in predicting risks of HBV-related HCC.
Another interesting finding is that we used a single M2BPGi cutoff to stratify HCC risks in CHB patients with different liver fibrosis severity. A similar finding has also been shown in a Japanese cohort of chronic hepatitis C patients [17] . Both data imply that M2BPGi may serve not only as a marker of liver fibrosis but also an early marker associated with carcinogenesis. Recent data suggest that M2BPGi, which is mainly secreted by hepatic stellate cells, not only serves as a messenger between hepatic stellate cell and Kupffer cell during fibrogenesis but may also exert biological activity on other Mac-2-positive non-parenchymal cells in liver [16] .
The interaction between M2BPGi and M2 protein may alter the liver microenvironment, which plays a significant role in liver carcinogenesis [16] . However, we did not see a surge of M2BPGi level before HCC development (Fig. 1c) , thus it might not serve as a late marker for HCC diagnosis.
Although viral factors have been shown to be associated with HCC development in treatment-naïve patients, it remains unclear how the viral factors affect HCC development in on-treatment patients. In this study, we first investigated the relationship between pretreatment viral factors and HCC risk. Our data showed there was no association between baseline HBV DNA levels and HCC risks in 899 patients ( Table 2 ). In addition, we also analyzed the baseline HBsAg levels and HCC risks in 487 patients with available data. We found that HBsAg levels were not associated with HCC development, either (HR for per 1 log 10 IU/mL increase of HBsAg: 0.77 [95% CI 0.56-1.05]). Both findings were consistent with previous reports [6, 7, 36, 37] . Hepatitis core-related antigen is another novel biomarker. Accumulating data suggest that its level is highly associated with HCC development in treatmentnaïve patients [38, 39] , while limited reports have shown its role in predicting HCC risk among on-treatment patients [37, 40] . More studies are thus needed.
Another important viral factor is whether earlier achievement of undetectable viral load is associated with a lower risk of HCC development. As all of the patients in this study received entecavir treatment, a potent NA, 73.6 and 88.8% of the patients with available data achieved undetectable viral load at 6 months and 12 months of entecavir therapy, respectively. Univariable and multivariable analyses showed that achieving undetectable viral load at the early phase of entecavir therapy was not associated with HCC development, which has been presented in a previous study by Chen et al. [6] .
There are a few limitations in this study. First, liver stiffness measurement was not used widely to diagnose liver cirrhosis when enrolling our patients. However, our main finding was the independent role of M2BPGi from the PAGE-B-score, which does not include cirrhosis as a variable [7] . Thus, such a limitation did not affect the complementary role of M2BPGi. Second, our findings were mostly confirmed in the validation cohort except in the patients with high PAGE-B group patients. Carcinogenesis is more complex in these high-risk patients and other factors, such as accumulation of host genome mutations and viral genome integration, could be more important than fibrosis stage. We believe that is why M2BPGi does not predict HCC well in these high-risk patients. Third, all of our patients, including validation cohort, were Asian patients with either genotype B or C infection, more data from Caucasian patients are needed to validate the global usefulness of M2BPGi level. Fourth, we excluded the patients with HCC development within the first year of follow-up, which precludes the possibility of investigating whether M2BPGi could predict HCC development during the early phase after NA initiation. Last, as we did not enroll the patients without antiviral therapy, we need more data to validate the proposed M2BPGi cutoff in the treatmentnaïve patients.
In summary, among CHB patients receiving long-term antiviral treatment, a higher baseline M2BPGi level is associated with an increased HCC risk. An M2BPGi level of 1.73 is useful in stratifying HCC risks, especially in those with intermediate PAGE-B scores, which has been confirmed in an independent cohort.
